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Analysis of hysteresis characteristics of silicon nanowire biosensors in aqueous environment
Hyeri Jang, 1 The hysteresis phenomenon has been widely observed in transfer characteristics of silicon nanowire (SiNW) biosensor devices in aqueous environment. Considering the experimental observation in the change of the liquid potential due to the charge flow through the oxide layer, we build up an electrical model for the biosensor system with the solution, SiNW, dielectric oxide, and the back-gated substrate, and investigate the hysteresis behavior based on the model. The silicon nanowire (SiNW) has been demonstrated as a promising transducer for highly sensitive electrical sensors detecting the biochemical species. 1, 2 In addition, the SiNW device has a considerable advantage of the top-down fabrication process fully utilizing the well-established CMOS process which allows sensor devices to be designed in various shapes and guarantees device uniformity and reproducibility for mass production. 3, 4 However, when it is working in aqueous solution, the SiNW has various inherent instability problems to be clarified in the electrical properties. Especially, the SiNW immersed in a floating liquid droplet, which is an often-used sensor platform due to its simplicity, 4, 5 shows hysteretic I-V characteristics, which makes it difficult to investigate the accurate sensing characteristics. 6, 7 In this letter, based on the capacitive coupling effect 8 and ion-related leakage currents through oxide layer 9 , we build up an electrical model for the biosensor system containing the electrolyte and the SiNW on the silicon-on-insulator substrate. The electrical model for the observation of the hysteresis effect is supported by experiment including the liquid potential measurement.
Figure 1(a) shows the SEM image of the SiNW, fabricated by the CMOS-compatible process for the experimental investigation. The SiNW was formed by the e-beam lithography to control its size and position, having doping concentration of 4*10 17 cm
À3
, width of 120 nm, length of 2 lm, and vertical thickness of 70 nm, respectively. The channel region, covered by 3 nm thin SiO 2 , is exposed to external environment for sensing operation. The source/drain (S/D) regions are protected from the solution by a thick passivation oxide, and a buried oxide (BOX) layer (t BOX ¼ 375 nm) is inserted between the SiNW and substrate for back-gating. We attached a polydimethylsiloxane (PDMS) well (open area of 28 mm 2 ) to the test chip for the confinement of aqueous solution. We used the distilled water (DW) for aqueous solution to exclude parasitic effects caused by ion diffusion. 8 The electrical model of the SiNW in the floating solution with which the hysteresis will be explained is shown in Fig. 1(b) . This model takes into account both the capacitive coupling and the leakage conduction through the oxide region. Since all the leakage current from the liquid to the SiNW channel region flows to the S/D region, current conduction through the thin oxide in the channel region is represented by two separate resistors, R LS and R LD . All capacitive components connected to the liquid node must include the series-connected double layer capacitance (C DL ) though rather insignificant ones are not illustrated. C D1 and C D2 represent, respectively, the C DL in series with the buried oxide capacitance (C BX ) and that in series with the thin oxide capacitance of the channel region (C OX ) as the C DL varies depending on the bias and the interface condition. Our chip contains numerous test devices with the electrode pads to be floating nodes in this measurement. There also exist the leakage paths (R P ) and the capacitances (C P ) between the liquid and such floating nodes. C ff and C fB are the capacitances between the floating nodes and ground, and between the floating nodes and the back gate, respectively. ) is applied for suppression of possible secondary effects. The SiNW in an aqueous solution has a steeper subthreshold slope (SS) and a lower threshold voltage (V T ) than that in the air environment due to a coupling effect between the back gate and the floating liquid. 8 From the BOX thickness and the SS in the air and DW conditions, 123 nF/cm 2 is obtained for C D2 //C OX per area, indicating that the Debye length of the DW solution is around 500 nm. Unlike in the air environment, the SiNW in the floating aqueous solution exhibits apparent hysteretic I D -V BG characteristics with the reduced current in the reverse sweep as shown in Fig. 2(b) . We also observe a dependency of the hysteresis on the speed of the sweep measurement, where the bias pulse is held during a)
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In order to investigate the cause of the hysteresis, we measured the electric potential of the floating liquid under the same condition. The liquid potential (V lg ) is measured by Agilent 4156 C, by forcing a zero terminal current, with a Pt tip immersed into the liquid. As shown in Fig. 3 , hysteresis loops of the V lg having nearly the same DV as the graphs in Fig. 2 according to the Dt value are observed.
A possible explanation of the hysteresis using the model in Fig. 1(b) is as follows: the V lg is mainly coupled to the V BG during a DC sweep measurement because C LB is dominant over other capacitance elements. 8 As the forward sweep of V BG progresses toward a high voltage, the V lg also rises by the coupling ratio determined by the capacitive network of the liquid node. As the V lg goes higher than the S/D voltage, the charge carriers may flow from the liquid to the SiNW through the thin oxide layer, i.e., R LS and R LD . We can see in Fig. 3 that the V lg tends to stay or drop a little, deviating from the expected coupling line, as the V lg goes over 0.5 $ 1.0 V depending on the Dt. Such charge loss lowers the V lg and causes a reduction of the SiNW current in the reverse sweep measurement following the forward sweep. The hysteresis vanishes if we apply a bias to the aqueous solution with a reference electrode, which is convincing evidence that the hysteresis is caused by fluctuation of the V lg (see supplementary information Fig. 2 (Ref. 10) ).
The Dt dependency of the hysteresis is related to the R-C relaxation of the liquid-SiNW system. The amount of charges capacitively injected into the floating liquid corresponds to DQ inj ¼ C LB Á DV BG when the V BG rises by DV BG while the amount of lost charges during the Dt is DQ loss ¼ I R Á Dt, where I R corresponds to the total resistive currents from the liquid node. The change of V lg during a bias step is thereby formulated as DV lg ¼ $(DQ inj À DQ loss )/C LB . As the V lg rises with the sweeping V BG , the current through R LS and R LD becomes dominant. Therefore, the V lg curve begins to stay when I R (through R LD and R LS ) ¼ $C LB Á DV BG /Dt. As V BG is swept further, the V lg seems to droop, which is attributed to the timedependent resistance of the oxide layer to be discussed later.
If the sweep measurement is conducted with the floating S/D, the V lg has almost the same voltage as V BG with coupling ratio DV lg /DV BG ¼ 0.995 throughout the sweep range, and distinct hysteresis is not observed depending on the sweep direction as shown in Fig. 3(a) . Even in the case of the floating S/D, however, the V lg has a little split path for the forward and reverse sweep measurements with a very long Dt. Because the chip floating nodes has lower coupling ratios to the back gate than the liquid node due to the large fringe capacitance C ff , they do not have the same potential as the liquid node in the sweep measurements. The liquid thereby loses a little charges to the floating nodes during the forward sweep and gets them back in the reverse sweep.
The SiO 2 layer shows non-linear conducting behaviors in the aqueous solution, modeled as voltage-dependent resistors, R LD and R LS in this work. It was reported that H þ and OH À ions in water diffuse into the oxide to offer electron capture centers. 11, 12 Diffusion of the ions may be accelerated under strong electric field. The capture centers assist electrons to pass through the oxide by tunneling mechanism to reduce the ion density again. We measured the currents flowing through the thin SiO 2 between the liquid node and the SiNW terminals as shown in Fig. 4(a) . The current has an exponential relation with the applied voltage roughly. Notice that the current flowing through the thick BOX is comparable to that through the thin oxide. While the BOX is more than 100 times thicker than the 3 nm channel oxide, the facing area between the back gate and the liquid node is $10 6 times larger than the SiNW channel surface. The oxide current exhibits the timedependent behaviors including the hysteresis since the oxide current is related to the diffusion of water ions into the oxide which has a long time constant. It is highly likely that the ion density in the oxide is higher during the reverse sweep measurement, right following the forward because the ion diffusion is enhanced by the high electric field condition when V BG is high around 2 V. It is worthwhile to note that that the zero-crossing points are found near V lg voltage of 0.8 V if the displacement current due to the back-gate sweep is excluded, which agrees well with the difference in the standard electrode potential between Pt and silicon. 13 We performed the sweep measurement simulation using the suggested model for the verification. The resistances are modeled as a function of the applied voltage by the fitting method, based on the measured data in Fig 4(a) . Figure 4(b) shows the simulation results of the circuit model that reproduces the traces of measured V lg and its dependency on the Dt very well. Since the time-dependent resistance is not applied to the model, slight reduction of the V lg in the high V BG range is not found in the simulation results.
In summary, we analyzed the current hysteresis effects occurring in the DC sweep measurements of the SiNW device in aqueous solution. We provided an electrical model for the liquid-SiNW system. We experimentally showed and verified by simulation that the V lg , capacitively coupled to V BG and relaxed by the leakage currents through oxide layers, causes the hysteresis in the current according to the V BG sweep direction and the Dt. 
